We present a census of eclipsing binary systems with classical Cepheid as a component. All such systems known were found in the OGLE collection of classical Cepheids in the Magellanic System. We extend the list of potential candidates adding four new objects found in the OGLE-IV photometric data.
Introduction
Classical Cepheids form one of the most interesting groups of variable stars. These pulsating objects reveal very sharp period-luminosity (PL) relation, discovered yet at the beginning of the 20th century (Leavitt 1908) . This feature makes classical Cepheids very useful standard candles. They serve as primary distance indicators in the nearby Universe reaching as far as the Virgo cluster of galaxies.
Classical Cepheids are young, relatively massive giant stars (M ≥ 3 M ⊙ ). They are excellent objects for studying stellar pulsation mechanisms and testing stellar evolution theory. Although pulsating and evolutionary status of Cepheids seemed to be well established, both theories predicted contradictory masses differing up to 20-30%. This problem called often as "Cepheid mass problem" (Neilson et al. 2011 and references therein) remained unsolved for decades. This situation remained quite uncomfortable as the properties and mechanisms of the basic astrophysical standard candle should be well understood.
Only precise empirical mass determination of a classical Cepheid could shed light on the Cepheid mass problem. Unfortunately, in spite of considerable efforts none classical Cepheid has been found for years in an eclipsing binary system. Such a wide binary system would allow dynamical mass determination of Cepheid component with the accuracy limited only by the accuracy of observations. On the other hand, large dimensions of the putative binary system containing a Cepheid component make the chance of observing eclipses for the Earth observer very slim.
The breakthrough occurred in the last two decades when the Optical Gravitational Lensing Experiment (OGLE) long-term large-scale sky variability survey started releasing huge samples of classical Cepheids in the Magellanic Clouds and presented several Cepheids revealing simultaneously pulsating and eclipsing variability , 2012 . These detections were followed by an extensive spectroscopic campaign conducted by the Araucaria Project (Gieren et al. 2005) , which led to the first determination of the classical Cepheid mass with the accuracy of the order of one percent and final empirical word on the Cepheid mass problem . A few more precise mass determinations of the OGLE eclipsing Cepheids followed in the next years (e.g., Pietrzyński et al. 2011 .
The final release of the OGLE collection of classical Cepheid in the Magellanic System contains almost ten thousand of these pulsating stars located in the Large and Small Magellanic Clouds and in the Magellanic Bridge connecting these two nearby galaxies. This sample includes almost all classical Cepheids from this System. It is the most uniform, and complete sample of classical Cepheids in modern astrophysics with very precise photometry -ideal for extensive studies of Cepheids themselves, Magellanic System structure, pulsating and evolutionary theories, etc.
The final search for classical Cepheids in the Magellanic System conducted on the data collected during the fourth phase of the OGLE survey (OGLE-IV, Udalski et al. 2015) , led to the discovery of a considerable sample of new interesting nonstandard classical Cepheids. Here we concentrate on classical Cepheids in eclipsing binary systems. We present new candidates and also summarize all the OGLE past discoveries of eclipsing binary systems with Cepheid component(s), providing their status. Finally, we show empirically that the light-time effect can be successfully used for selection of an additional sample of Cepheids in binary systems -those containing non-eclipsing objects.
Observations and Photometric Data
Photometric data of classical Cepheids from the Magellanic System presented in this paper come from the OGLE-IV survey . They were collected in the years 2010-2015 with the 1.3-m Warsaw telescope equipped with the 32-CCD detector mosaic camera covering 1.4 square degrees in the sky with the scale of 0.26 arcsec/pixel. For technical details of the OGLE-IV observing setup and strategy the reader is referred to Udalski et al. (2015) . In some cases we supplement OGLE-IV data with photometry collected during earlier phases of the OGLE project.
The OGLE collection of classical Cepheids in the Magellanic System has been recently presented by Soszyński et al. (2015) . It contains almost 10 000 objects from the Large and Small Magellanic Clouds and Magellanic Bridge carefully selected and well characterized. The sample is very homogeneous and complete (>90%). The main OGLE-IV survey of the Magellanic System was conducted in the standard I -band supplemented with smaller number of standard V -band observations for color information. Thus, the number of epochs in the I -band is considerably larger (up to 750) than in the V -band (up to 250). More details on the OGLE Cepheid collection can be found in Soszyński et al. (2015) .
Cepheids in Eclipsing Binary Systems
Eclipsing binary systems hosting Cepheids have several interesting astrophysical applications. First, photometric and spectroscopic analyses of such objects may provide masses and radii of pulsating stars with great accuracy. It is particularly important in the context of the already mentioned longstanding mass discrepancy problem for classical Cepheids. Second, detached double-lined eclipsing binary systems containing Cepheids are promising tools to calibrate the Cepheid PL relation, since a careful analysis of such systems may provide their precise distances. Third, as shown by Pilecki et al. (2013) and Gieren et al. (2015) , it is possible to precisely determine the so called p-factor -the crucial parameter in the BaadeWesselink method of distance determinations to Cepheids.
Classical Cepheids that are members of eclipsing binary systems are very rare objects. No such star is known in the Milky Way. All of the currently known objects of this type belong to the Magellanic Clouds and all of them were discovered by the OGLE survey. † The first "eclipsing" classical Cepheid (OGLE-LMC-CEP-2532) was detected by in the LMC. Then, Soszyński et al. (2008 Soszyński et al. ( , 2010 Soszyński et al. ( , 2012 reported six more Cepheids with eclipsing modulation superimposed on the pulsation light curves. The binary nature of these stars had to be confirmed spectroscopically. † All three pulsating stars with eclipses discovered in the LMC by the MACHO project (Welch et al. 1999) were type II Cepheids.
A. A.
OGLE-LMC-CEP-0227 was the first confirmed double-lined physical system containing a classical Cepheid . In that paper, Pietrzyński et al. (2010) measured the dynamical mass of OGLE-LMC-CEP-0227 with an unprecedented accuracy of 1% and the results of this study ended the dispute about the predicted masses of Cepheids. Other OGLE classical Cepheids in eclipsing binary systems were studied in a similar way by Pietrzyński et al. (2011) , Gieren et al. (2014 , and Pilecki et al. (2013 . Table 3 summarizes the confirmed and candidate eclipsing binary systems containing classical Cepheids. 
New Eclipsing Cepheids
In this paper, we report the discovery of additional four Cepheids revealing eclipses superimposed on the regular standard pulsation variability. All were found during our analysis of the OGLE-IV Cepheid photometry .
In three cases we observed more than one eclipse. Thus, it was possible to determine the orbital periods. Light curves of these stars are shown in Fig. 1 . It should be noted that in all these three cases eclipses are rather shallow. This may suggest either grazing eclipses or alternatively, fake objects -unresolved blends of a Cepheid and an unrelated eclipsing binary system in the seeing disk. However, we should also note that the derived orbital periods are rather long (from over 200 days to over one thousand), thus, the eclipsing systems must be wide and the latter -blend -possibility is not very likely.
The fourth case -OGLE-SMC-CEP-3235 -requires special attention because this first-overtone Cepheid experienced only one deep eclipse during the 15-year time span of the OGLE-III and OGLE-IV surveys (Fig. 2) . However, we noticed that the pulsation light curve of OGLE-SMC-CEP-3235 cannot be perfectly phased with a constant period. The observed minus calculated (O −C ) diagram computed for this light curve revealed long-term sinusoidal-like variations of the pulsation phases which are probably associated with the light-time effect caused by the orbital motion of the Cepheid.
Thus, we adjusted the orbital and pulsation periods by the minimization of the point scatter in the light curve corrected for the O − C diagram (assuming its sinusoidal shape, i.e., a circular orbit of the system). The light curve corrected for the light-time effect is shown in the upper right panel of Fig. 2 , while the resulting A. A. O −C diagram is displayed in the lower panel.
Analysis of the O − C diagram provides some information about the system. The orbital period is 4200 ± 300 d. This value is quite uncertain because the adjusted orbital period was strongly correlated with the true pulsation period which was a free parameter in our adjustment procedure. The precise value of the orbital (and pulsation) period will be known when the next eclipse will be recorded or longer span variability in the O −C diagram will be collected.
The O − C diagram reaches a maximum during the eclipse, which indicates that the Cepheid was eclipsed by its binary companion. Unfortunately, the secondary eclipse has not been caught during the OGLE-III and OGLE-IV monitoring. This may suggest that either the companion has a much lower temperature than the Cepheid or, simply, that the secondary eclipse occurred during a gap between the observing seasons. The amplitude of the O − C variations (0.050 ± 0.005 d) can be easily transformed into the semi-major axis of the Cepheid orbit, equal to 8.7 ± 0.9 AU.
Light-Time Effect in Binary Cepheids
Encouraged by our analysis of OGLE-SMC-CEP-3235 where the light-time effect seems to be very well pronounced and well determined we decided to perform a similar search for the light-time effect in other known binary eclipsing systems containing a Cepheid component. Such a test was supposed to answer the question if the light-time effect can be a useful tool for searching Cepheids in non-eclipsing binary systems. It is well known that the O − C diagrams of classical Cepheids reveal long-term variability which can be mistakenly interpreted as the light-time effect .
First, we note that Pilecki et al. (2013) have already found a marginal light-time effect in the first eclipsing Cepheid -OGLE-LMC-CEP-0227. Then we analyzed the remaining three confirmed Cepheid eclipsing binaries. We quickly realized that the most promising objects for positive detection of the light-time effect are only those Cepheids that reveal steep brightness rise with a large sensitivity to phase shifts, i.e., those with a short pulsation period. Additional obvious conditions are large orbit making the amplitude of the light-time effect larger and low eccentricity making the O − C changes sinusoidal-like. Thus, only OGLE-LMC-CEP-1812 remained the most promising object for our test. Fig. 3 shows results of the search for light-time effect of OGLE-LMC-CEP-1812 in the OGLE-III and OGLE-IV data. To minimize the noise, only observations obtained between pulsating phases 0.88-0.98 (i.e., during the rapid rise to maximum light) were used for the shift determination. They are the most sensitive for phase (period) changes. The upper panel of Fig. 3 presents the light curve of OGLE-LMC-CEP-1812 folded with the pulsation period while the middle oneeclipsing light curve of this system after removing the pulsation component and folded with the eclipsing ephemeris.
The lower panel shows the O − C obtained during the period 2001-2015 with individual data averaged in bins season-wide and also folded with the eclipsing ephemeris (orbital period). The nearly sinusoidal variability of the O −C is clearly detectable. Its period is consistent with the eclipsing period of the system and the eclipses coincide with the extrema of the O − C variability confirming that the variability is caused by the real light-time effect. The amplitude of the O − C variation is also consistent with the expected magnitude of this effect calculated based on the real system parameters (orbit size) as determined by Pietrzyński et al. (2011) -red curve. Positive detection of the light-time effect in two eclipsing binaries containing A. A. a Cepheid component clearly indicates that the method can also be extended to searching for Cepheids in non-eclipsing binaries. The long span of the OGLE observations reaching 15-20 years should allow detections of even very wide systems. One has to be, however, careful to avoid over-interpretation of the long-term O −C variability. Contrary to the presented here cases of light-time effect, additional information confirming its reality -eclipses -will not be, of course, available. Nevertheless, confirmation of binarity can still be possible with spectroscopic follow-up observations. Additionally, it may be necessary to include in some cases possible long-term change of the Cepheid pulsating period. Careful analysis of the entire OGLE collection of Cepheids in the Magellanic System should allow statistical studies of the binarity of Cepheids. Such a study is underway. Fig. 4 presents a potentially promising candidate OGLE-LMC-CEP-1932. It was found by and further observations during OGLE-III and OGLE-IV phases indicate that the O − C diagram may show periodic variability with a period of about 4500 d. Although the simple sinusoidal fit presented in Fig. 4 is far from being acceptable, this is a clear example that the detection of non-eclipsing binaries with classical Cepheid component can be feasible with the OGLE photometry. It should be also noted that a similar study of the OGLEdetected RR Lyrae pulsators has been recently conducted by Hajdu et al. (2015) leading to the detection of several non-eclipsing binary candidates containing an RR-Lyrae component.
